Abstract
liposomes of selected sizes with reasonable homogeneity, the scalable production of uniformly-23 sized liposomes across a wide range of dimensions and compositions remains challenging. Here 24 we report a streamlined, high-throughput sorting technique that uses cholesterol-modified 25 "nanobricks" made of a few DNA oligonucleotides to differentiate hetero-sized liposomes by their 26 buoyant densities. After DNA-brick coating, milligrams of liposomes of different origins (e.g., 27 produced via extrusion or sonication, and reconstituted with membrane proteins) can be 28 separated by centrifugation into six to eight homogeneous populations with mean diameters from 29 30 to 130 nm. In proof of concept experiments, we show that these uniform, leak-free liposomes 30 are ideal substrates to study, with an unprecedented resolution, how membrane curvature 31 influences the activity of peripheral (ATG3) and integral (SNARE) membrane proteins. We composition and solvent-to-water mixing ratio) as well as post-formation homogenization 4,5 (e.g., 38 extrusion and sonication) and purification 6,7 (e.g., centrifugation and size-exclusion 39 chromatography). The production outcome is tied to a set of empirically determined parameters 40 that may not be independently tunable, thus limiting users' ability to selectively vary the liposome 41 size and composition. Microfluidic-based systems provide a way to tune liposome size and 42 dispersity, but often require nonstandard devices built in-house 8, 9 . Additionally, the capability of 43 microfluidic-basic methods to make functional proteoliposomes is yet to be examined. Moreover, the use of detergent limits the selection of compatible cargo molecules.
49
To overcome these problems, here we devise a liposome sorting strategy (Fig. 1a) by ubiquitously coating them with a dense material (similar to attaching bricks to helium balloons).
57
In theory, smaller liposomes will gain more density than larger ones when coated by such 58 molecular bricks (Fig. 1b) , allowing liposome separation by isopycnic centrifugation. 59 We chose DNA as the coating material for its high buoyant density (~1.7 g/mL in CsCl medium) [16] [17] [18] . In this work, we 63 built two DNA structures ( Fig. 1a and Fig. S1 (Fig. S3) . Negative-stain transmission electron microscopy 78 (TEM) study showed that F6−F18 each contained uniform-size liposomes with coefficient of 79 variation less than 15% ( Fig. 1c and Fig. S4 ), on par with the size homogeneity achieved through 80 DNA-template guided lipid self-assembly. This finding was corroborated by cryo-electron 81 microscopy (cryo-EM), which further showed 77% of liposomes as unilamellar (Fig. S5) . The (Fig. 2c) with ~40-nm diameter ( Fig. 3 and Fig. S12-S13 no fusion (Fig. S16) . Finally, we warmed the pre-docked liposomes to 37°C and monitored NBD 174 fluorescence for 2 hours using a fluorescence microplate reader. Merging of liposome membranes 175 increases the distance between NBD dyes and their rhodamine quenchers, providing a read-out 176 of lipid mixing kinetics (Fig. 4a) . Consistent with previous findings 24,27,30 , we showed that the 177 membrane fusion is SNARE-dependent. However, unlike the conventional assays, our setup 178 discerned the lipid mixing kinetics as a function of vesicle size (Fig. 4b) Synaptogamin-1 or Munc18) affect the fate of vesicles. 
